The overall purpose was to assess the feasibilities of recycling filter backwash water (FBWW) and combined filter backwash water (CFBWW) in a drinking water treatment plant in south China. The variations of regular water-quality indexes, metal indexes (Al, Mn and Cd), polyacrylamide and disinfection by-product indexes (trihalomethanes and their formation potentials) along with the treatment and the recycling processes were monitored. Results showed the recycling procedure caused increases of turbidity, total solids, ammonia nitrogen (NH 3 -N), permanganate index (COD Mn ), and dissolved organic carbon, Al, Mn and Cd concentrations in a mixture of raw water and FBWW or CFBWW compared to those in raw water. However, the recycling procedure had negligible impacts on the qualities of settled water and filtered water because most of the contaminants could be effectively removed by the conventional water treatment process. Although recycling did cause slight increases of NH 3 -N and COD Mn levels in settled water and filtered water, the quality of finished water always conformed to Chinese standards for drinking water quality according to the surveyed indexes in the present study. Thus, it is appropriate to recycle waste streams in water-stressed areas if the source water is well managed and the water treatment processes are carefully conducted.
INTRODUCTION
Drinking water treatment plants (DWTPs) generate waste streams in large quantities, reaching up to 10% of the plant production (Cornwell & Lee ; Loret et al. ) .
This waste stream is composed mainly of filter backwash water (FBWW), sludge thickener overflow and dewatering liquid wastes. It is usually discharged directly into nearby rivers or lakes or into the waste-water network for further treatment. In fact, it is quite worthwhile, from economic and environmental perspectives, to recycle water streams, as this can improve the utilized efficiency of water resources and reduce the discharged amount of waste water. However, solving drinking water challenges by recycling can only be envisaged if the quality of finished water and the safety of the recycling procedure can be guaranteed (Gottfried et Furthermore, most previous studies were bench-or pilotscale experiments, each focused on a specific recycling process (FBWW or combined filter backwash water (CFBWW)). A comprehensive full-scale investigation is rarely reported. It remains uncertain whether wastewater stream recycling in DWTPs is safe or not. It is urgent that we assess the risks of recycling practices and specify safe recycling conditions and procedures, e.g., which type of water can be recycled (Xu et al. ) .
The objectives of the present study were to evaluate the impacts of recycling FBWW and CFBWW on the effluent quality of the DWTP. Variations of several water-quality indexes, including regular water-quality indexes, metal indexes, polyacrylamide (PAM) and DBPs, were analyzed throughout the treatment and recycling processes. The results can aid water treatment researchers and engineers in evaluating the feasibility of wastewater recycling in DWTPs.
METHODS

DWTP description and selection of sample sites
The investigation was performed in Beijing DWTP (BJW) located in Guangdong Province, China. lines in Figure 1 ), and samples were collected from sites 1-4 (S1-S4). The second condition (C-II) recycled FBWW only (dashed and solid lines in Figure 1) , and samples were collected from sites 1-6 (S1-S6). The last condition (C-III) recycled CFBWW (dot-dash, dashed and solid lines in Figure 1 ), and samples were collected from sites 1-11 (S1-S11). Details of the operation of BJW can be found in the Supplementary Materials (available with the online version of this paper).
Analytical method
Water quality indexes, including turbidity, total solids (TS), Generally, recycling waste streams had no significant impact on the turbidity of settled water and filtered water.
However, it was unclear whether recycling waste streams would adversely impact other water-quality indexes. A long-term investigation was performed. Based on the observed results in this section, samples of recycled FBWW were collected after 130 minutes, and samples of recycled CFBWW were collected after 410 minutes.
Samples of settled water and filtered water were collected after a delay time of 170 minutes (the hydraulic retention time from the plant influent to the effluent of the sedimentation tank), i.e., 300 minutes for recycled FBWW samples and 580 minutes for recycled CFBWW samples.
Variations of water-quality indexes during long-term investigations
Variations of regular water-quality indexes
A summary of observations regarding the turbidity, TS, NH 3 -N, UV 254 , COD and DOC of raw water, recycled water, plant influent, settled water and filtered water is presented in Table 1 .
As discussed above, recycling FBWW or CFBWW could increase the turbidity of plant influent significantly, but it would not affect the turbidity of finished water. 
Dual tails t-Tests
Variations of metal indexes and polyacrylamide
The effluent of BJW exhibited high-detection frequencies for
Al, Mn and Cd, based on annual water-quality reports of BJW over the last 3 years (data not shown). Therefore, we assessed the impacts of waste-water recycling on these metal concentrations at BJW (Supplementary Material, Table S1 , available with the online version of this paper).
Obviously, recycled water contained high concentrations of Al, Mn and Cd, but most of the metal ions could be removed well by the treatment processes. In filtered water, the concentrations of Al, Mn and Cd were similar with different treatment and recycling processes, and no significant differences were observed, regardless of whether recycling was performed, according to dual tails t-Test results (p > 0.11). Thus, the recycling procedure cannot affect the concentrations of metal in finished water.
Similar to the metal index, PAM, which was used to improve sludge dewatering performance at BJW, did not accumulate in the treatment processes. The PAM concentration was 0.08-0.23 μg/L in the plant and no changes in PAM concentrations were observed for finished water obtained by recycling FBWW or CFBWW (dual tails t-Test, p ¼ 0.28 and 0.68).
Variations of THMFPs
THMFPs were selected to investigate the impacts of the recycling procedure on the risk of disinfection in finished water. Figure 3 
Variations of microbiological index
The data of total coliform and total bacteria of the finished water were obtained from the annual water-quality reports of BJW over the last 3 years. The index always conformed to Chinese standards for drinking water quality (total coliform, undetectable; total bacteria, less than 100 CFU/mL), The running cost of recycling was also calculated (Table 2 ). Comparing the saved water resource cost and the increased energy consumption, adopting the recycling procedure of wastewater streams can save some running cost of BJW, and the benefits increased with the expansion of recycled water amount. Thus, the recycling procedure can not only save water resources but also provide economic profits.
In this case, recycling FBWW and CFBWW will not cause non-conformity in finished water quality to drinking water standards. However, the increased tendency of NH 3 -N and COD Mn would be concerning if there were serious NH 3 -N and COD problems in the raw water of other DWTPs. For good management, it is appropriate to adopt waste-stream recycling for some DWTPs if the source water is limited or waste-stream discharge into waste networks is prohibited.
CONCLUSIONS
The goal of this study was to assess the safety of wastestream recycling practices via a case investigation at BJW.
The key findings of this study are outlined as follows:
• Untreated, nonhomogeneous FBWW and CFBWW contained high concentrations of particulate matter but contained low concentrations of dissolved organic matter.
• Recycling FBWW and CFBWW increased turbidity, TS, • Finished water obtained via treatment using conventional processes with recycling FBWW or CFBWW conformed to Chinese standards for drinking water quality.
• It is appropriate to set up waste-water treatment lines, as used herein, for some DWTPs if the source water is limited or waste-stream discharge into waste networks is prohibited.
• Close attention must be given to NH 3 -N and COD Mn indexes if a recycling procedure is adopted and the raw water exhibits NH 3 -N and COD Mn problems.
